Aims/hypothesis Chronic hyperglycaemia, as measured by HbA 1c levels, is a major risk factor for atherosclerosis and cardiovascular disease (CVD) in type 1 diabetes. Our aim was to describe the degree to which the effect of HbA 1c on the risk of CVD is mediated by its effect on traditional risk factors over time, and how these mediation pathways change over time. Methods The DCCT and its observational follow-up study, the Epidemiology of Diabetes Interventions and Complications (EDIC), followed 1441 participants for a mean of 27 years, with periodic measurement of HbA 1c and risk factors over time. We assessed the proportion of the HbA 1c effect on risk of CVD that was mediated through its effects on systolic BP (SBP), pulse rate, triacylglycerols and LDLcholesterol (LDLc) levels, and how the proportion mediated changed over time.
Introduction
Despite progress in treatment, the risk of cardiovascular disease (CVD) in type 1 diabetes remains higher compared with that in the age-matched population without diabetes [1, 2] . Over a mean follow-up of 17 years, the DCCT and its observational follow-up, the Epidemiology of Diabetes Interventions and Complications (EDIC) study, demonstrated that an average of 6.5 years of intensive diabetes therapy, resulting in a mean HbA 1c of~7% (53 mmol/mol) in participants, reduced the risk of any CVD event by 42%, and the risk of non-fatal myocardial infarction or stroke or death from CVD (major atherosclerotic cardiovascular events [MACE] ) by 57% compared with conventional therapy, which resulted in a mean HbA 1c of~9% (75 mmol/mol) [3] . The robustness of the protective effect of 6.5 years of intensive therapy was further confirmed by an additional 10 years of follow-up [4] . Over the entire 28 years of follow-up, intensive therapy reduced the incidence of any CVD event by 30% and of MACE by 32% compared with conventional therapy [4] , despite similar glycaemic levels for the majority of the EDIC follow-up period.
In order to provide adequate power to detect effects reliably using Cox proportional hazard models, further investigation of risk factors for CVD was embargoed until 100 participants in the former DCCT conventional group had experienced a CVD event. This landmark was reached in 2013 and a formal risk factor analysis was carried out. In a multivariable Cox model that also adjusted for age, duration of diabetes, use of angiotensinconverting-enzyme (ACE) inhibitors and a family history of myocardial infarction, the time-weighted updated DCCT/EDIC mean HbA 1c was a stronger predictor of future CVD events than the updated mean systolic BP (SBP), pulse rate, LDL-cholesterol (LDLc), and current triacylglycerols (triacyclglycerol value at time of testing), which also predicted events [5] .
These analyses, however, did not allow for changing covariate effects over time, nor did they address whether any of the effect of HbA 1c on CVD risk was mediated by the effect of HbA 1c on other CVD risk factors and whether this mediated effect varied over time. In this context, mediation analyses are important as poor glycaemic control is associated with dyslipidaemia and higher pulse rate and BP [1, 6] , while more intensive glycaemic control is associated with the reversal of these effects [7] . Therefore, we have assessed the temporal changes in the effects of HbA 1c and traditional CVD risk factors on the risk of CVD, and investigated potential pathways by which changes in CVD risk factors over time could mediate the effects of HbA 1c on the risk of CVD during the 28 year follow-up of the DCCT/EDIC cohort.
Methods
The methods of the DCCT and EDIC study have been described in detail [8] . Briefly, a total of 1441 participants with type 1 diabetes were randomly assigned to receive either intensive therapy (n = 711) with the goal of lowering blood glucose levels as close to the 'non-diabetic' range as safely as possible, or to conventional therapy (n = 730) aimed at avoiding symptoms related to hyper-or hypoglycaemia without specific glucose targets. The DCCT ended in 1993, after an average of 6.5 years of follow-up, and all participants were offered intensive therapy and referred to their healthcare providers for subsequent diabetes care. In 1994, 98% of the surviving DCCT cohort enrolled in the EDIC follow-up observational study and, after an additional 20 years of follow-up, 94% of the cohort survivors are still actively participating. The DCCT and EDIC protocols were approved by the institutional review boards of all participating centres and all participants provided written informed consent.
Cardiovascular risk factors
The analyses presented are based on data obtained at annual visits during both the DCCT and EDIC study, which included a detailed medical history, physical examination (e.g. BP and pulse rate) and collection of bio-specimens (e.g. blood samples). Recognised and putative CVD risk factors were evaluated by standardised methods [8, 9] . HbA 1c was measured using high-performance liquid chromatography, quarterly during the DCCT and annually during EDIC. Fasting lipids (triacylglycerols, total cholesterol and HDL-cholesterol) were measured in the central laboratory annually during DCCT and every other year during EDIC, and LDLc was calculated using the Friedewald equation [10] . The updated weighted mean of a covariate (e.g. HbA 1c ) measured at different intervals in DCCT vs EDIC was computed using all values up to a particular visit, with weights proportional to the time intervals between measurements.
Cardiovascular outcomes CVD events were ascertained based on the medical history and electrocardiogram and relevant available medical records, and were adjudicated by a committee masked to DCCT treatment group and HbA 1c levels. The composite CVD outcome was defined as time to the first occurrence of CVD death, non-fatal myocardial infarction, non-fatal stroke, subclinical myocardial infarction on ECG, angina confirmed by ischaemic changes with exercise tolerance testing or by clinically significant obstruction on coronary angiography, revascularisation (with angioplasty or coronary artery bypass) or congestive heart failure (paroxysmal nocturnal dyspnea, orthopnea or marked limitation of physical activity caused by heart disease) [11] . All participants with an initial CVD event that occurred prior to 31 December 2013 were included in these analyses.
Statistical analysis The availability of longitudinal measurements throughout the DCCT/EDIC study allows for the dynamic evaluation of the temporal changes in the covariate effects on the risk of CVD events over time. Aalen additive hazard models [12] assessed the effects of covariates at 10 years of follow-up on the risk of CVD during the subsequent 10 years of follow-up (years 10 to 20). Only CVD events within this 10 year follow-up period were included. Participants with CVD events that had occurred prior to the 10 year visit were excluded and participants who did not experience an event within the subsequent 10 years were administratively right censored after year 20. Additional models then assessed the effects of covariates measured up to the 11 year visit on the risk of CVD during the subsequent 10 year interval (years 11-21). Likewise, models assessed effects of covariates measured up to year 12 on CVD outcomes during years 12-22, then the effects of those measured up to year 13 during years 13-23, up to models that assessed the effects of covariates measured at year 20 on the risk of CVD during years 20-30. For each participant, the 10 year period of risk was computed to the day from the beginning of the period, e.g. for the 11-21-year models, the period of risk for a given participant spanned the time from 11.00 years after the participant's date of randomisation to 21.00 years after. The models employed the covariate values up to the most recent visit prior to the start of the 10 year period.
Based on our recent CVD risk factor assessment [5] that identified the most significant risk factors from an extensive panel of previously established and putative risk factors ('full model', ESM Table 1 ), models employed the updated mean values of HbA 1c , SBP, pulse rate, LDLc and the 'current' value of log e (triacylglycerols) at the beginning of each 10 year interval as fixed covariates. For example, the 10-20 year models employed the updated mean or current covariate value at year 10, the 11-21 year models used covariate values at year 11, and so on. Similar to the Framingham [13] and American College of Cardiology (ACC)/American Heart Association (AHA) [14] scores, all analyses herein address covariate effects on the risk of CVD within a 10 year time horizon. All analyses adjusted for age and duration of diabetes, both being well-known risk factors for CVD.
The AUC of the receiver operating characteristic (ROC) curve describes the predictive ability of a variable or a model, allowing for censored data [15] . It represents the probability that a participant who experienced an event has a higher risk score than a participant who is event free; AUC = 0.5 represents a risk factor that is not associated with the outcome, while AUC = 1 corresponds to perfect prediction.
Models with covariate (SBP, LDLc, triacylglycerols or pulse rate), age and diabetes duration ('Model 1'), age and diabetes duration only ('Model 2'), HbA 1c , age and diabetes duration ('Model 3') and the full model ('Model 4', ESM Table 1 ) were considered. For each model, the AUC was computed for each of the 10 year models (10-20 years, 11-21 years, etc.) to describe the changes over time in the predictive effect of that covariate on the subsequent 10 year risk of CVD. More specifically, using the 10-20 year interval as an example, the model with covariates measured at year 10 was used to compute the AUC for CVD events in year 10 alone, then for events in years 10-11, then years 10-12, etc.; the AUC value at a particular time point (say, year 15) describes the ability of the model with covariates evaluated at year 10 to predict CVD events up to that time point (i.e. year 15). The AUC values are presented for descriptive purposes only and no formal statistical tests were performed to compare the AUC values across different models.
Mediation analyses [16] were then employed to investigate whether the predictive effect of HbA 1c on CVD risk in each 10 year model could be explained by another covariate. Using SBP as an example, the total effect of mean HbA 1c on CVD was decomposed as the sum of the direct effect of HbA 1c (effect of HbA 1c on CVD) and the indirect effect of HbA 1c (effect of HbA 1c on CVD mediated through its effects on SBP) (Fig. 1) . The mediation proportion (also called proportion explained) is the ratio of the indirect effect to the total effect (proportion explained = indirect effect/total effect). Similar to the AUC calculations, the mediation pathways were assessed in a dynamic fashion in successive 10 year models (10-20, 11-21, etc.).
Linear regression models were employed to assess the effect of mean HbA 1c on potential mediators (such as SBP), while Aalen additive hazard models were used for the timeto-event CVD outcome [12] . The direct and indirect effects are functions of the coefficients in the two models (see ESM Mediation Analysis). In this case, the Aalen model was chosen for use rather than the Cox proportional hazards model because the resulting effects (described above) have a direct interpretation in terms of the number of CVD events attributable to the corresponding pathways. 
Results
The number of participants at risk of CVD events in the DCCT/ EDIC cohort are presented for each 10 year interval in ESM Table 2 . There were 184 participants who experienced at least one CVD event during DCCT/EDIC, with a median follow-up of 27 years since randomisation. The number of CVD events for each 10 year interval of the DCCT/EDIC are presented in ESM Table 2 . The predictive value of each covariate was described using the AUC at each year, as depicted in Fig. 2 . Fig. 2a-d Fig. 2a ), but SBP was a stronger predictor of CVD (larger AUC) than the other CVD risk factors ( Fig. 2a-d ; squares vs diamonds). In additional models using covariate values at year 15 to predict CVD events over the subsequent 10 years (i.e., 15-25 years), there were negligible differences between the AUC of HbA 1c and the other risk factors (data not shown). Fig. 2e -h presents the AUC from models using the covariate values at year 20 to predict CVD events in years 20-30. Models with SBP, LDLc and triacyclglycerols (Model 1) had slightly higher AUCs than the model with HbA 1c (Model 3; Fig. 2e-g, diamonds vs squares) , while the AUC for pulse rate was similar to that of HbA 1c (Fig. 2h, diamonds vs squares) .
While the predictive ability of a model with only age and duration of diabetes (Model 2) remained approximately constant over time (Fig. 2, circles) , adding mean HbA 1c to the model (i.e., Model 3) was more predictive (higher AUC) in the 10-20 year model than in the 20-30-year model (Fig. 2, squares) ; the opposite was true for LDLc and triacylglycerols, but not for SBP and pulse rate (Fig. 2, diamonds) . Moreover, the predictive ability of the full 20-30 year model (Model 4, described in ESM Table 1 ) was greater than that of the 10-20 year model (Fig. 2, triangles) . Fig. 1) , with a small dip at year 16. The average HbA 1c coefficient value in these Aalen models was approximately 0.0033, indicating that for 1000 participants at risk, each 1 unit increase in mean HbA 1c (e.g. from 7% to 8%, or a 10.9 mmol/mol increase) results in an average of 3.3 (=0.0033 × 1000) additional CVD events per year.
The decomposition of the total effect of the HbA 1c over time into the direct and indirect effects mediated by each of the other covariates is presented in Table 1 and demonstrates that the indirect effect of each covariate (mediation pathway) increases over time while the direct effect of HbA 1c decreases (Table 1 3, 3.4, 3.4, respectively) , and the direct effect declined modestly (3.2, 2.9, 2.6, respectively; Table 1 ).
Further, in mediation analyses, the SBP values at year 10 explained only 2.7% of the effect of the HbA 1c values at year 10 on the 10-20 year CVD risk, but the values at 15 years explained 15.0% of the 15-25 year risk, and the values at 20 years explained 25.6% of the 20-30 year risk (Table 1) .
Similar patterns were observed for the other three risk factors, with mediation proportion values over years 10-20 and 20-30 of 6.3% and 29.3% for pulse rate, 2.2% and 22.4% for triacylglycerols and 9.2% and 30.7% for LDLc (Table 1 ). Figure 3 depicts the increasing fraction of the HbA 1c effect that is mediated by each of the other four factors over time, and ESM Table 3 presents a comparison of the mediation proportion values over time.
ESM Fig. 2 illustrates a model using both LDLc and SBP as mediators of the HbA 1c effect on CVD but assuming no association of LDLc with SBP. The resulting mediation proportions (Table 2 and ESM Fig. 3 ) range from 8.5% over years 10-20 to 27.8% over years 20-30 for LDLc, and from 2.5% to 23.8%, respectively, for SBP. The results of a mediation analysis that include all four variables (SBP, pulse rate, triacylglycerols and LDLc) as mediators (ESM Fig. 4) demonstrate that, while 85.8% of the HbA 1c effect on CVD over years 10-20 was attributable to the direct HbA 1c path (14.2% mediated by the other four covariates), this dropped to 58.3% over years 15-25 (42.7% mediation) and to 33.5% (66.5% mediation) over years 20-30 (Table 3 , Fig. 4 ). Over years 20-30, LDLc was the most important mediator of the HbA 1c effect (20.7% proportion explained), followed by SBP (18.7% proportion explained), pulse rate (15.2% proportion explained) and triacylglycerols (11.9% proportion explained).
Discussion
These analyses demonstrate that the effect of mean HbA 1c on risk of CVD, when assessed in separate 10 year models starting at different points in time and adjusting for age and duration of diabetes, was largely constant over time. The coefficient was equivalent to an increase of approximately 3.3 CVD events per 1000 individuals per year for every 1% (10.9 mmol/mol) higher HbA 1c . The 10 year predictive value (AUC) of HbA 1c declined slightly from about 0.72 over the 10-20 year interval to 0.69 over the 20-30 year interval, whereas the AUC of more traditional CVD risk factors (SBP, pulse rate, triacylglycerols and LDLc) increased slightly. The 10 year risk associated with each covariate remained largely unchanged over time. However, the proportion of the total HbA 1c effect on CVD risk that was mediated through its indirect effects on these CVD risk factors changed over time. Compared with the 14.2% of the HbA 1c effect on the 10 year CVD risk mediated by its indirect effects on SBP, pulse rate, triacylglycerols or LDLc over 10-20 years of follow-up, 66.5% of the HbA 1c effect on CVD risk was mediated by these other factors over 20-30 years of follow-up. Thus, while the total effect of HbA 1c remained unchanged over time, the patterns of mediation changed substantially as the cohort aged (Fig. 3 , Table 3 ). The change in the indirect effect of HbA 1c mediated through SBP, triacylglycerols, pulse rate and LDLc on CVD risk might be explained in several ways. The DCCT excluded individuals with high BP and hypercholesterolaemia at baseline. Thus, early in the study the only operant major risk factor was hyperglycaemia, which naturally predominated. It is also possible that hyperglycaemia has its major impact early in the course of CVD progression, e.g. in the early initiation of the atherosclerotic process. Conversely, SBP, triacylglycerols and LDLc may begin to affect CVD risk increasingly as individuals age, and the mean age of our cohort was only 27 at baseline. Indeed, the development of microalbuminuria and renal disease is known to worsen standard risk factors such as BP and lipids. In addition, there may be a cohort effect where participants with higher HbA 1c values experience CVD events earlier in the study and are no longer at risk later during follow-up, e.g. at 20 years.
These mediation effects also apply to the net levels of SBP, LDLc and triacylglycerols as measured, regardless of whether or not the participant is receiving cardio-renal medical therapy (renin-angiotensin system [RAS] inhibitors, statins, etc.). It would be difficult to attempt to apply statistical modelling to estimate the mediation proportions in a population of individuals who were not receiving such medications. This is further complicated by the fact that medication use grew over time. At 10 years of follow-up, only 12.8% of participants were receiving a RAS inhibitor and 1.6% a statin/beta blocker. This usage increased to 58.3% and 51.8% at 20 years and 74.1% and 76.8% at 30 years, respectively. Further, using SBP as an example, anti-hypertensive medication use would translate into a lower indirect effect of HbA 1c on SBP and, subsequently, on CVD, and therefore a lower mediation proportion for the effect of SBP on CVD. As medication use increased, the mediation proportion for SBP is, if anything, an underestimate of the value without medication use.
These results have clinical implications and provide further insight into possible mechanisms leading to CVD in type 1 diabetes. Over 20-30 years of follow-up (27-37 years of diabetes duration), LDLc mediated 31% of the effect of HbA 1c . Of the average additional 3.4 individuals with a CVD event per year associated with each 1% (10.9 mmol/mol) increase in HbA 1c ,~1 excess CVD event per year is therefore attributable to LDLc (3.4 × 0.31 = 1.05 CVD events per year). This fraction of increased risk associated with 1% (10.9 mmol/mol) higher HbA 1c might be eliminated by treatments aimed to lower LDLc. Our findings further reinforce the value of aggressive glycaemic management early in the course of diabetes, followed by aggressive management of the other CVD risk factors as they become increasingly operant.
Regarding possible mechanisms, the year-to-year total effect (direct and indirect) of HbA 1c on the subsequent 10-year risk of CVD is relatively constant over time, suggesting aggressive glycaemic management has the potential to reduce the CVD risk throughout the course of diabetes. At the same time, the fraction b Mathematically, from the nature of the equation for the proportion explained (see ESM), it is possible that the proportion may be negative, which indicates that the proportion explained is virtually zero Table 3 of the HbA 1c effect on CVD risk that is mediated by its effects on these other covariates increases substantially over time. This finding suggests that aggressive management of traditional nonglycaemic CVD risk factors may further reduce the risk of CVD in those with longstanding diabetes and long-term glycaemic exposure above the target levels.
